primosome s Abstract The elaborate process of genomic replication requires a large collection of proteins properly assembled at a DNA replication fork. Several decades of research on the bacterium Escherichia coli and its bacteriophages T4 and T7 have defined the roles of many proteins central to DNA replication. These three different prokaryotic replication systems use the same fundamental components for synthesis at a moving DNA replication fork even though the number and nature of some individual proteins are different and many lack extensive sequence homology. The components of the replication complex can be grouped into functional categories as follows: DNA polymerase, helix destabilizing protein, polymerase accessory factors, and primosome (DNA helicase and DNA primase activities). The replication of DNA derives from a multistep enzymatic pathway that features the assembly of accessory factors and polymerases into a functional holoenzyme; the separation of the double-stranded template DNA by helicase activity and its coupling to the primase synthesis of RNA primers to initiate Okazaki fragment synthesis; and the continuous and discontinuous synthesis of the leading and lagging daughter strands by the polymerases. This review summarizes and compares and contrasts for these three systems the types, timing, and mechanism of reactions and of protein-protein interactions required to initiate, control, and coordinate the synthesis of the leading and lagging strands at a DNA replication fork and comments on their generality.
INTRODUCTION
The replication of duplex DNA by an assembly of enzymes and proteins that collectively constitute the replisome is an outstanding example of a finely crafted biological machine. Perhaps its greatest challenge is to synthesize simultaneously two strands of DNA with opposite polarity because the DNA polymerases act unidirectionally, extending a primer in a 5 →3 fashion. Consequently, leading strand synthesis is highly processive, whereas lagging strand synthesis is discontinuous, marked by the synthesis of 1-to 3-kilobase (kb) Okazaki fragments. The problem then is how to coordinate the movement of both polymerases; the ostensible answer is through the replisome.
This review explores the numbers and nature of the proteins composing the replisome of three species and is framed around questions of replisome function. How is the replisome assembled from its constitutive proteins? When accessory proteins such as clamp loaders and clamps are needed, how are they loaded onto single-stranded DNA to create the holoenzyme? What protein-protein interactions and DNA contacts are manifest? For the replication fork to move, single-stranded DNA must be extended by a helicase; does it set the rate of fork movement? For lagging strand synthesis, multiple initiation events by a primase are required; what controls their frequency and how is the short oligoribonucleotide primer captured by the polymerase before dissociation? Obviously, two polymerases or two holoenzymes are in operation; are they in contact directly or through other proteins? Do the lagging strand polymerase or associated proteins dissociate at the completion of each Okazaki fragment synthesis or are they recycled? What process(es) set the length of Okazaki fragments? What is the protein and DNA topology at the replication fork? We do not, in this review, consider how the primers are eventually excised and the fragments ligated to form a continuous lagging strand.
Early models connected the polymerization events at the leading and lagging strand by looping the lagging strand back through the replisome-the trombone model (1) . A loop has remained a constant feature of subsequent models that differ primarily in the relative orientation of the two polymerases and contacts between other members of the replisome (2) . Dimerization of the two polymerases is also anticipated in this model, and evidence for this particular interaction has been a common objective in many studies (3) . Much of our present understanding of the replisome and its mode of action has come from investigations of the T4 and T7 bacteriophage and E. coli systems, and these will be the focus of our review. The literature is voluminous, punctuated by papers with unexpected observations and a few with false leads. We hope our perforce limited selection conveys an accurate and adequate summation of the present state of understanding.
THE T7 REPLISOME The Proteins
The advantage of the T7 replication system lies in its reconstitution by only four proteins: the T7 gene 5 protein (gp5), a DNA polymerase that forms a tight 1:1 complex (K d ≈ 5 nM) with E. coli thioredoxin (4, 5) ; the T7 gene 4 protein (gp4), a multifunctional enzyme that contains both helicase and primase activities (6, 7) ; and the T7 gene 2.5 protein (gp2.5), a single-stranded DNA binding protein (8, 9) . Following literature precedent, we use T7 DNA polymerase to refer to the above complex with thioredoxin.
The 80,000-molecular-weight (80K) gp5 is a distributive enzyme in the absence of thioredoxin, incorporating 1-15 nucleotides before dissociating from the primer template; in the presence of thioredoxin, the enzyme is highly processive, incorporating thousands of nucleotides during a single pass. A crystal structure of the polymerase complexed to thioredoxin, a primer template, and a nucleoside triphosphate resembles that of other members of the polymerase I (Pol I) family that are shaped like a right hand in which the palm, fingers, and thumb form a DNA-binding groove (10, 11) . Thioredoxin binds to an extended loop on the thumb, creating a flexible tether that could swing across the DNA-binding groove to encircle the primer-template exiting the polymerase; thus, it functions akin to the multimeric clamp proteins to facilitate processivity.
The 63K T7 helicase-primase protein is a member of the family of hexameric helicases with five conserved sequence motifs that includes E. coli DnaB (12) . Its approximate shape and subunit arrangement were first revealed by electron microscopy to be a topologically closed hexamer that encircles one strand of DNA (13) . The three-dimensional reconstruction from the images showed two stacked rings, one small and one large, capable of accommodating 25-30 nucleotides, which are associated with the primase and helicase activities. A shorter 56K protein that begins at a second initiation codon has only helicase activity (14) (15) (16) . A crystal structure of a C-terminal helicase domain that includes all five of the conserved helicase motifs (residues 272-566) revealed a six-fold symmetric ring 120Å in diameter with a central hole of 35Å, closely matching that seen in the electron microscopic reconstruction (17a). A bound nucleotide (dTTP or ATP) is found at the subunit interface, providing insight into the origin of the cooperative binding found for assembly of the hexameric helicase from monomers and in its cooperative binding and hydrolysis of the ATP (18) (19) (20) that fuels its movement. Like the homologous RecA and F 1 -ATPase protein, the oligomerization domain is adjacent to the amino terminus of the nucleoside triphosphate (NTP)-binding domain (21) .
The 26K gene 2.5 protein binds specifically to single-stranded DNA (K d ≈ 0.4 µM) with a site size of approximately seven nucleotides per monomer (8) . In solution, it exists as a dimer. Genetic analysis revealed that gene 2.5 protein is essential for DNA replication in the host E. coli; phage DNA synthesis is reduced to a level of less than 1% for a T7 phage lacking this gene product relative to wild-type T7 phage (22) . The gp2.5 protein interacts in a 1:1 stoichiometry with the DNA polymerase:thioredoxin complex (K d ≈ 1 µM) as well as with both the 56K and 63K forms of gp4 (23) .
A truncated gp2.5 protein that lacks the 21 C-terminal amino acids of the wild type retains its ability to bind to single-stranded DNA but no longer physically interacts with the polymerase. The truncated protein cannot substitute for wildtype gp2.5 in vivo, nor can wild-type E. coli single-strand binding (SSB) protein substitute for this mutant in vivo. A comparison of the amino acid sequences of T7 gene 2.5 protein, E. coli SSB protein, and T4 gene 32 protein implicates an amino-terminal domain as responsible for DNA binding in the SSB (24) and gp32 proteins (25) .
Synthesis at the Leading Strand
Leading strand synthesis has been investigated using a topologically stable replication fork represented in Figure 1 (26) . In the absence of gp4 protein, the T7 polymerase catalyzes no net strand displacement. In its presence, provided a singlestranded 5 tail exists in the DNA duplex substrate to serve as an entry route for . The specificity of the gp4-gp5 interaction is underscored by the inability of gp4 to catalyze strand displacement synthesis by polymerases from E. coli and T4. A ternary complex consisting of single-stranded DNA, gp4, and gp5 proteins formed in the presence of a nucleotide analog (e.g. β,γ -methylene dTTP), and Mg 2+ is stable to gel filtration and supports strand displacement synthesis (27) .
Synthesis at the Lagging Strand
The discontinuous replication of the lagging strand requires RNA-primed DNA synthesis; the necessary primers are generated by the primase activity of gp4. The in vivo and in vitro primer sequences are pppA (C) (N) [2] [3] with the predominant DNA recognition sequence being 3 -CTGGG-5 , 3 -CTGTG-5 or 3 -CTGGT-5 (6, 28) . The 3 cytosine residue is cryptic, required for recognition but not copied into primer. The unique 7K N terminus of the 63K gp4 protein contains a Cys 4 metal binding motif and binds one equivalent of Zn that contributes to recognition of the template priming sequence. Cys to Ser mutants of the Zn binding motif have a lower Zn content and lead to loss of template-directed but not templateindependent synthesis of oligoribonucleotides (29) . Both chimeric primases whose Zn motifs were derived from those found in the E. coli and T4 primases hydrolyze dTTP at their helicase site but are drastically impaired in catalyzing templatedependent priming. These chimeric proteins, however, do not use the recognition sequence of any parent, which implicates other regions of the gene 4 protein besides the zinc-binding domain as recognition site determinants (30) . The role of the C-terminal amino acids is revealed by the behavior of a truncated gene 4 protein containing only the N-terminal 271 amino acids; it is dimeric, devoid of helicase and associated dTTPase activities, but catalyzes the template-directed synthesis of di-, tri-and tetranucleotides at rates similar to wild-type protein (31) . Neither this truncated protein nor one in which the C-terminal 17 amino acids have been deleted can interact with the polymerase to couple primer synthesis with DNA synthesis (32) .
The 56K T7 helicase interacts asymmetrically with both single-stranded tails of forked DNA, binding about 25 nucleotides of the 5 strand through the hole in the enzyme. Optimal DNA unwinding rates require contact between the 3 strand and a contact region estimated to be on the outer surface of the hexamer approximately 10-15 nucleotides from the fork junction, a value estimated by varying the length of the 3 tail (33) . With an optimal substrate, the T7 DNA helicase can move unidirectionally 5 to 3 on the lagging strand template fueled by NTP hydrolysis at a rate approaching 260 base pairs (bp) per second (260 bp s , at 30
• C), very close to that noted earlier for leading strand synthesis. The mechanism of unwinding is probably via exclusion of the 3 tail from the central hole (34) .
Lagging strand DNA synthesis has been reconstituted on φX174 single-stranded DNA in the presence of T7 DNA polymerase and the T7 helicase-primase (35) .
Lagging strand synthesis has also been demonstrated on the preformed replication fork derived from M13 ( Figure 1 ) and in contrast to leading strand synthesis is inhibited by the addition of a challenger DNA trap, as well as by dilution. The Okazaki fragments that are 2-6 kb in length are sensitive to the level of gp4 protein but not the T7 DNA polymerase (36) . Inclusion of gp2.5, single-strand binding protein, increases the frequency and efficiency of primase initiation some 10-fold at gp2.5 levels that require gp4 to bind to protein-coated single-stranded DNA.
A key insight into the geometry of access to the primase recognition site was obtained by fixing gp4 to single-stranded DNA in the presence of β,γ -methylene dTTP. Under these conditions, the protein does not translocate, nor does it readily dissociate to be captured by challenger DNA. Nevertheless, the primase can function to catalyze primer formation at distal recognition sites on the same or other single-stranded DNA molecules (37) , which suggests that the primase active site faces away from the DNA threading through the helicase (Figure 2 ). This would foster a direct hand-off of the primer to the lagging strand polymerase. The affinity of gp4 for DNA arises in part from within the helicase domain (39) that requires 5-10 nucleotide flanking sequences. Importantly, the synthesis of the primer proceeds at a rate of ∼1 s −1 , sufficient to satisfy the time requirements for Okazaki fragment synthesis (1-2 s) (30, 40) .
Coordinated Synthesis of Leading and Lagging Strands at a Replication Fork
A key step that relates replication fork movement to lagging strand synthesis is the priming of the Okazaki fragments and its effect on helicase travel. On minimal replication forks consisting of two synthetic oligonucleotides annealed to form a 30-bp duplex and two single-stranded tails of 22 and 40 nucleotides at the 3 and 5 ends respectively, the helicase activity in terms of fork movement of gene 4 protein is inhibited when the primase activity of gp4 is activated at a primase recognition site. In the absence of primase recognition sites, the addition of NTPs has no effect (41) .
With a preformed replication fork similar to that in Figure 1 , the presence of gp4 and T7 DNA polymerase plus the complement of NTPs and deoxynucleoside triphosphates (dNTPs) leads to leading strand products greater than 40 kb and Okazaki fragments of 0.5-6 kb. An increase in lagging strand DNA synthesis caused by increased levels of priming nucleotides results in a corresponding decrease in the amount of leading strand synthesis and a drop in the rate from 320 to 250 nucleotides s −1 , which is consistent with the two activities being coupled and the priming rate influencing replication fork movement. The synthesis of both strands is resistant to 20-fold dilution, which is consistent with the recycling of both the initially bound helicase-primase and polymerase proteins. (The contrary previous result was attributed to the presence of the 56K gp4.) Confirmatory evidence for coordinated synthesis is that the processivity of leading and lagging strand synthesis is resistant to template challenge experiments, and that
Figure 2
Diagram showing DNA-protein interactions between T7 gene 4 protein and the primase recognition site. When viewed in the electron microscope, the T7 protein forms a hexamer of bilobal subunits that surrounds single-stranded DNA (13) . Interactions between single-stranded DNA and the helicase domain likely occur on the inner and outer surface of the hexamer (33, 38) . The primase domain is shown interacting with the primase recognition site via contacts between bound nucleoside triphosphates and the Cys 4 zinc ribbon. The zinc-binding domain and the ATP-and CTP-binding sites are shown on the outside of the hexamer for clarity. In the absence of a high-resolution structure of the gene 4 protein, attempts to localize the protein domains involved in the helicase or primase activities are speculative. (From Reference 39.) the average length of Okazaki fragments remains constant at around 2 kb at all levels of the polymerase. Although dimeric forms of T7 polymerase have not been demonstrated, the data require two such enzymes at the replication fork, possibly coordinated through the primase and helicase domains of the gene 4 protein.
A more quantitative analysis of events at a functioning replisome was obtained by examining a functioning replisome on a replication fork composed of a small, circular duplex DNA molecule (70 bp) bearing a 5 single-stranded tail of 40 nucleotides (nt) ( Figure 3 ) (42) . The lagging strand contains two primase recognition sites, and because of the sequence of the construct, lagging strand synthesis can be identified and measured by the incorporation of dCMP and leading stranding Figure 3 A minicircle with a replication fork. It consists of a double-stranded DNA circle bearing a 5 single-stranded DNA tail to which the gp4 can bind. Two recognition sites (5 -TGGTC-3 ) at which the gp4 primase can catalyze the synthesis of RNA primers are present on the lagging strand. One strand of the minicircle contains 33 cytosine residues but only 2 guanine residues, whereas the other contains 33 guanine residues and 2 cytosine residues. Consequently, leading and lagging strand synthesis can be identified and quantitated by measuring the incorporation of dGMP and dCMP, respectively. (From Reference 42.) synthesis by dGMP. In addition, its small size provides for a molar excess of forks over the replication proteins, typically minicircle:gp4:DNA polymerase in a ratio of 10:1:8. Sufficient gp2.5 was also present to coat any single-stranded DNA formed during the reaction. Direct monitoring of the rate of leading and lagging synthesis revealed that both proceeded at the same rate provided gp2.5 was present. In the absence of gp2.5 or with the deletion mutant gp2.5 21C, which lacks the acidic carboxyl tail, the rate of lagging strand synthesis is fourfold less than that of leading strand synthesis. Addition of a trace amount of dideoxy CTP (ddCTP) inhibits both lagging and leading strand synthesis concurrently. In short, the system is coupled.
The question of whether the polymerase responsible for Okazaki fragment synthesis is recycled was addressed by using T526F T7 DNA polymerase. This form of the enzyme discriminates against incorporation of dideoxy nucleotides. Initiating replisome synthesis with the T526F form of the polymerase in the presence of wild-type enzyme and ddGTP or ddCTP does not terminate either leading or lagging strand synthesis, which is consistent with recycling of the lagging strand polymerase and the high processivity of both polymerases.
In order to recycle the lagging strand polymerase, one anticipates that the polymerase at the 3 end of the completed Okazaki fragment is juxtaposed to the new priming site. This positioning requires the looping out of an extent of singlestranded DNA connecting these two sites (42, 43) . Electron microscopy of the minicircle replication system revealed the presence of duplex replication loops at the end of linear duplex molecules for ∼50% of the replicating molecules. The loops ranged in length from 0.1 to 2.1 kb and were associated with a replisome. Further analysis revealed that many of the loops contained stretches of singlestranded DNA separated by a duplex segment. These apparently represent the inprogress synthesis of an Okazaki fragment because the sum of the duplex and one single-stranded region is ∼3 kb, the average length of an Okazaki fragment. In the absence of gp2.5, there are many more single-stranded regions. The role of gp2.5 may be multifold: tethering the DNA to the helicase, recruiting the lagging strand holoenzyme to the primer site, slowing the helicase to trigger primase priming through its accumulation on the helicase-generated single strand, and mediating loop formation. All are aspects of a speculative model proposed for coordinated synthesis by the T7 replisome (42) .
THE E. COLI REPLISOME Protein Components
Compared to the T7 replisome, that of E. coli is more complex in terms of the numbers of proteins required. The polymerase III holoenzyme alone consists of 10 unique subunits, whose composition has been reviewed (44) (45) (46) (47) (48) . The holoenzyme contains an isolable core polymerase (αεθ) derived from three polypeptides: α, the polymerase catalytic subunit; ε, the 3 -5 exonuclease; and θ , an accessory unit that binds to ε, stimulating its editing function. A second, stable subassembly adds τ protein, derived from the dnaX gene, which bridges two α units to form a dimeric core (αεθ) 2 τ 2 . The carboxyl terminus of τ appears to be necessary for binding to α as well as to the DnaB helicase (49, 50) . A third subassembly is the γ complex composed of five proteins: γ 4 δδ χψ in the stoichiometry shown. If the core has as presumed a two-fold axis of symmetry, binding of γ complex to core would introduce asymmetry.
The interaction between these various proteins and their enzymatic activities are listed in Table 1 . The γ protein, also derived from the dnaX gene, is a truncated version of τ lacking the latter's carboxyl-terminal sequence. Both γ and τ proteins possess DNA-dependent ATPase activity; however, the γ complex rather than the corresponding τ complex (τ substituted for γ ) acts as a clamp loader to load β, a clamp protein, onto DNA through the δ subunit (51, 52) . The combination of these three subassemblies in an ordered fashion leads to the Pol III polymerase with the composition (αεθ) 2 τ 2 γ 2 δδ χψ, a polymerase that lacks high processivity in the absence of β protein (53) . The addition of two β units creates the Pol III holoenzyme with an overall molecular weight of 900,000. The clamp protein, β, is a dimer that slides freely on duplex DNA in both directions. As anticipated from the binding properties of β, X-ray crystallography revealed that β is indeed in the shape of a ring with a central cavity of ∼35Å, large enough to accommodate duplex DNA, and a width of approximately one turn of DNA. The cavity is presumably insulated from contact with DNA by a sheath of water molecules, which permits its facile diffusion along the DNA duplex and dissociation at its ends. Topologically similar sliding clamps have been characterized by X-ray crystallography, including the proteins gp45 (T4) and proliferating cell nuclear antigens (PCNAs) (yeast, humans) (54) (55) (56) .
DnaB, 314K, is the primary replicative DNA helicase in E. coli essential for replication (57) . The protein as visualized by electron microscopy exists as a stable ring-shaped hexamer that can adopt in the presence of nucleoside di-or triphosphates two different conformational states (C-3 or C-6 symmetry) as a consequence of asymmetric dimers within these rings (58) (59) (60) . The conformational flexibility is also manifest kinetically in the sequential isomerization of fluorescently tagged DnaB upon binding nucleotide cofactors in which the first three cofactors add independently with high affinity and the remaining three bind with negative cooperativity (61). Fluorescent energy transfer experiments indicate that single-stranded DNA binds to DnaB predominantly through a single subunit, and as with the T7 gp4, it passes through the cross-channel of the hexamer (62) . The helicase, in the presence of nonhydrolyzable ATP analogs, preferentially binds to the 5 area of forked substrates (63) consistent with its 5 → 3 directionality when unwinding duplex DNA powered through ATP hydrolysis (7; reviewed in 64).
The E. coli 65K DNA primase, DnaG protein, initiates RNA synthesis at a 5 -CTG-3 sequence within a single-stranded DNA template to produce primers of 8-12 nucleotides for lagging strand synthesis (65, 66) . A crystal structure of the RNA polymerase domain (36K core region, residues 111-433), which retains low polymerase activity, reveals a cashew-shaped molecule characterized by a shallow, wedge-shaped cleft on the concave side of the protein measuring ∼9Å at one end and 20Å at the other. The single-stranded DNA is imagined to thread 3 → 5 through the narrower opening, with the synthesis of the RNA:DNA duplex extending into the wide, shallow depression. Whether this primase binds the singlestranded DNA as it passes through the channel of DnaB or requires it to loop back as in Figure 2 for the T7 gp4 helicase-primase is presently not definitively established (67) .
Interaction of DnaG with DnaB is mediated by the carboxy-terminal 16 amino acids (68) , resulting in >10 3 -fold activation of the primase activity and targeting that action to be mainly at the replication fork (69, 70) . The interaction with helicase also appears to broaden the primase recognition sequence to favor 5 -CAG-3 (71) . This binding of DnaG/DnaB is critical for the recruitment of the primase to the replication fork. DnaG protein tightly binds one Zn, which is ligated by three cysteinyl sulfhydryls and one histidine nitrogen near the N terminus (72, 73) . Apoprimase, however, synthesizes primers in a sequence-specific manner, which eliminates a role for Zn in catalysis (73) and ascribes to it a structural one, possibly to prevent disulfide formation. Primer synthesis by DnaG outside the context of a replication fork, however, is too slow to prime the Okazaki fragment synthesis observed with the replisome.
The single-strand binding protein (SSB) from E. coli (reviewed in 74) forms a tetrameric structure that binds single-stranded DNA, the χ subunit of Pol III holoenzyme, and DnaG, and is essential for coupled leading and lagging strand synthesis (75) . In addition to DnaB, DnaG, and SSB, primosome assembly requires five other protein components, the products of the dnaC, dnaT (protein i), priA (protein n ), priB (protein n), and priC (protein n ) genes (76). The stepwise assembly of these seven proteins provides the primosome unit required for Okazaki fragment synthesis (76, 77) , with DnaC acting like the T4 gp59 to recruit the helicase to the fork (see T4 section below) (78) .
Leading Strand Synthesis
The core polymerase (αεθ) 2 τ 2 synthesizes DNA at a rate of approximately 20 nucleotides s −1 with a processivity in the tens of nucleotides (79) . When Pol III holoenzyme is associated with β clamp protein, the overall rate increases to ∼750 nucleotides s −1 and to a processivity in excess of 50,000 nucleotides (77, 80) . The processivity is totally dependent on the presence of β clamps.
The assembly of the clamp on DNA by the γ complex follows a sequential process: (a) binding of ATP to the γ complex changes its conformation, exposing the δ subunit to bind β (81); (b) binding of the γ complex to β protein opens the β clamp prior to ATP hydrolysis (the interaction with δ is sufficient to open the β clamp); (c) hydrolysis of one equivalent of ATP by the DNA · γ complex · β assembly acts either to release the β clamp to close it on the DNA or to position the duplex within the interior of the β clamp; and (d ) hydrolysis of the second ATP equivalent causes dissociation of the γ complex from DNA, leaving β behind. These events are inferred from rapid kinetic studies and the interception of different conformational states; direct measurements of the similar ring opening by the gp45 protein in the T4 replisome discussed below permits a further mechanistic distinction (82) . Nevertheless, the overall rate of clamp loading exceeds that required by the time frame of the Okazaki fragment synthesis (see below).
Both the δ subunit of the γ complex and the α subunit of the core inhibit the phosphorylation of a kinase recognition sequence, engineered near the C terminus of β, indicating in conjunction with protease mapping and site-specific mutagenesis that both bind β on the same face with overlapping sites (83) . The affinity of β for γ complex is some 30-fold greater than for the core; however, in the presence of primed M13 mp18 (a derivative of M13 with a multiple cloning site) this affinity is reversed, with β preferring the core. These changes create a molecular switch during replisome action. The interaction of β with γ complex initially drives β loading onto duplex DNA followed by its replacement by core polymerase. The binding of the latter blocks the ability of the γ complex to unload β, which permits DNA synthesis to be finished and then β to be recycled via removal by the γ complex. There is a structural parallel to other systems that use other ringlike clamp proteins, gp45 and PCNA (56), whose assembly is also an ATP-driven process involving clamp loaders that bind to the same face of the clamp protein as their corresponding polymerases (84) .
Coordinated Synthesis of Leading and Lagging Strands
Leading and lagging strand synthesis has been reconstituted at a tailed-form II DNA template as shown in Figure 4 in the presence of the Pol III holoenzyme, SSB, and the primosome, producing multigenome-length (−) strand DNA and multiple cycles of discontinuous (+) strand DNA (85) . In the absence of primase, only leading strand synthesis was observed. The omission of DnaB, DnaC, and DnaT virtually eliminated rolling circle synthesis; the absence of protein n and n markedly reduced synthesis; and the presence of protein n stimulated DNA synthesis. The reconstituted replication fork moves at a rate of 600-800 nucleotides s −1 (30 • C), producing leading strands of 150-500 kb in length and Okazaki fragments of 1-2 kb, which requires the latter to be initiated every 1-2 s. Alternatively, rolling circle synthesis could be reconstituted from Pol III holoenzymes, DnaB, DnaC, and primase, although the number of active replication forks (DnaB forks) was reduced threefold (85) .
In order to determine which of the replisome proteins remain continuously associated with the replication fork, the dependence of Okazaki fragment length on the concentration of a particular protein was measured. For a distributively acting protein, the length of the Okazaki fragment should vary inversely with protein concentration. All the primosomal proteins with the exception of the primase acted processively. Okazaki fragment synthesis on DnaB forks was sensitive to primase dilution, which suggests that primase reenters the replication fork complex via interactions with the helicase, DnaB. The β clamp protein also behaved distributively and catalytically, i.e. it was reused, presumably through its unloading by the γ complex described earlier.
Further evidence that the primase acts distributively was furnished by the observation that increases in NTP concentration decreased Okazaki fragment size owing to stimulation of the rate of primase association with the replication fork (86) . Changes in dNTP levels that increase competition with NTP binding to the primase also affected Okazaki fragment length, but not the rate of fork movement. On the other hand, the behavior of β upon dilution to likewise increase Okazaki fragment length was traced to a decrease in the efficiency of initiation of DNA synthesis from primer termini but not priming frequency. Collectively these observations are consistent with the hypothesis that events at the new primer termini are independent of the action of the DNA polymerase complex bound to the penultimate Okazaki fragment. Because the frequency of primer initiation is unchanged, the lagging strand polymerase either displaces unused primers or bypasses them (87) .
Primase in the presence of the helicase on single-stranded φX174 DNA demonstrates an inherent size-determining mechanism (88) that sets the length of most primers at around 12-14 nucleotides, which is consistent with the active-site cavity in the X-ray structure with less abundant populations between 30 and 70 nucleotides. A similar distribution was observed with the primosome on the tailedform II DNA template (Figure 4) . Presence of either Pol III holoenzyme or Pol III core alters the primer population to be predominantly nine or fewer nucleotides in length, which supports a specific interaction with primase. On an active replication fork, primer lengths are unchanged even when the efficiency of their extension is reduced threefold by reducing β protein. These data suggest that protein interactions with clamp and clamp loader proteins occur subsequent to binding of primase to the Pol III core.
Guided by the changes in fragment size in response to alterations in reaction parameters, a cycle of Okazaki fragment synthesis has been proposed: (a) Primase binds to the helicase at the replication fork; (b) primase initiates primer synthesis on the lagging strand; (c) a primase-core interaction is established that limits the length of primer synthesis and exposes the 3 end of the primer; (d) a β clamp from solution is loaded by the γ complex subunit onto the primer template junction; (e) the Pol III holoenzyme transits from the previously completed Okazaki fragment to the new primer terminus; and ( f ) primase releases and polymerase synthesizes the new fragment.
The question of whether other proteins remain within the replisome during repeated cycles of Okazaki fragment synthesis was answered by reconstitution of the replisome from its individual subassemblies: Pol III core, γ complex, and β. The various protein units were subject to dilution during lagging strand synthesis on the tailed-form II fork in the presence of SSB. Both the γ complex and the core polymerase of the lagging strand remained associated during multiple cycles (89, 90) . The physical coupling required for the coordination of leading and lagging strand synthesis is attributed to the τ subunit, which bridges the two active core assemblies (91). The τ subunit, which also physically associates with the DnaB helicase, acts to increase the unwinding rate of the helicase alone, so that the fork moves at the speed of the polymerase (91) .
The signal that sets the cycle of Okazaki fragment synthesis in motion then is step a in the cycle, the entry of the primase into the replisome proteins at the fork (92) . Convincing evidence in support of this conjecture was derived from a series of mutant primases that retain their capacity to synthesize primers as well as to interact with the Pol III holoenzyme (93) . These mutations in the C-terminal eight amino acids of primase are involved in interaction with the helicase. Changing the concentration of a mutant primase led to changes in Okazaki fragment size that correlated with the affinity of the primase for the helicase. Neither the efficiency of primer utilization nor the rate of replication fork movement was affected. Collectively, the cumulative data argue against models in which the lagging strand holoenzyme triggers synthesis of a new primer.
A model for how the proteins at the replication fork are spatially coordinated to satisfy the detected contacts and the kinetic properties of the replisome is provided in Figure 5 . The leading and lagging strand polymerases are oriented in a parallel manner. The helicase, DnaB, and the γ complex contact the τ subunit, providing the latter with easy access to the 3 terminus of the primer and an incoming β clamp. This close proximity is also necessary for the χ subunit (not shown) of the γ complex to displace primase from its RNA product for recycling (94) . The χ subunit is also the main contact between the holoenzyme and SSB (95) and, in another example of a molecular switch, its higher affinity for SSB may lead to the release of the primase from its contact to SSB within the replisome. The γ complex then can load β to sequester the primer and form Figure 5 A model of a proposed replication cycle that depicts how protein-protein interactions between primase and the holoenzyme could localize the new primer to the fork at all times. Clear hexagon, DnaB; ring shape, β; spotted hexagons, core; clawlike irregular shape, γ complex; spotted irregular shape, τ dimer bridging the leading and lagging strand polymerases; tailed oval shape, primase; arrows, primers. For clarity, SSB has been omitted. The drawing is not to scale. (From Reference 93.) the preinitiation complex needed to commence synthesis of the next Okazaki fragment.
THE T4 REPLISOME Proteins
The eight protein components of the T4 replication system have been reviewed recently (2, (96) (97) (98) , including the RNase H and ligase enzymes needed to seal the nick between adjacent Okazaki fragments.
The 110K T4 DNA polymerase, the product of phage gene 43 (gp43), contains both 5 -3 polymerase and 3 -5 exonuclease activities and functions both as the leading and lagging strand polymerase. The polymerase from phage RB69, a phylogenetic variant of the T4 family, has ∼64% identity of amino acid sequence with its T4 homolog, and its crystal structure exhibits the anatomical analogy (thumb, fingers, palm) found in the B family of DNA polymerases (99) (100) (101) . In the absence of an accessory protein, the polymerase is primarily distributive, adding nucleotides at a rate of ∼500 bases s −1 (102, 103) . Three accessory proteins, gp45, gp44, and gp62, increase the processivity of the polymerase on primed single-stranded or forked duplex templates (104, 105) . The gp44 and gp62 proteins (35K and 21K as subunits) copurify as a tight 44/62 complex with a 4:1 stoichiometry (106) and function as a clamp loader in an ATPfueled process (107, 108) . The protein gp45 (74.4K) was revealed by its crystal structure as a circular clamplike molecule capable of encircling DNA (109) ; it has an internal diameter of 35Å and a ring thickness of 25Å, a result anticipated by earlier studies (110) . Consequently, gp45, E. coli β protein, and yeast PCNA share a common structural topology and function despite low sequence homology (55, 56) .
The T4 primosome consists of the helicase, gp41, and the primase, gp61. The 54K helicase exists as a dimer but assembles into a ring-shaped hexamer of asymmetric dimers upon binding GTP, ATP, or ATPγ S (111, 112), reminiscent of the E. coli and T7 helicases. The 40K primase, gp61, forms a weak complex with helicase, but in the presence of single-stranded DNA it participates in a stable ternary complex (half-life of >20 min) composed of a six-helicase:one-primase subunit stoichiometry (113) . There is no evidence whether the primase is centrally located or shuttles from one subunit to another as the primosome functions. Mapping of the helicase-primase interaction in the presence of single-stranded DNA indicated local conformational changes within the primase that may expose the recognition site of the primase for DNA template sequences (114) .
A fourth accessory, the 26K monomeric protein gp59, forms complexes with the gp41 helicase (1:1 stoichiometry based on subunits) through the C terminus of gp41 (115) and with single-strand binding protein, gp32, through its acidic C-terminal domain (residues 254-301) (116) (117) (118) (119) . This protein binds singlestranded or duplexed DNA with either a 5 or 3 single-strand extension, but it has a higher affinity for forked DNA (115) . A high-resolution X-ray structure has revealed a novel α-helical two-domain fold with sites that could simultaneously bind gp32, forked DNA, and gp41 in order to mediate the rapid assembly of the helicase on gp32-coated DNA (115) as proposed (120) .
The 33K protein product of gene 32 is the T4 single-stranded DNA binding protein and is analogous in function to those of T7 and E. coli. It is essential for replication in vivo (121) and in vitro (122) . gp32 binds cooperatively to singlestranded DNA and may cluster through translocation along the strand (123) . The affinity of gp32 for single-stranded DNA is due in part to the presence of a tightly cysteinyl bound Zn as well as the side chains of aromatic amino acids in the core region (residues 22-253) (124, 125) , as substantiated by a crystal structure of the gp32·DNA complex (126) . In addition to its interaction with gp59, gp32 associates with the polymerase and the primase, presumably through the carboxyl terminus (127, 128) , underscoring some of its plethora of interactions within the replisome.
Leading Strand Replication
Processive DNA synthesis requires the formation of a holoenzyme complex derived from the T4 DNA polymerase, gp43, and the accessory proteins, gp44/62 and gp45. The kinetics of holoenzyme formation has been defined by rapid-quench and stopped-flow fluorescent kinetics on the replication fork shown in Figure 6  (129, 130) . The assembly follows an ordered process in which the clamp trimer Figure 6 Sequence of the biotinylated fork primer/template, Bio34/62/36. DNA synthesis by the complex results in extension of the primer (34mer) to a 62mer, displacing the fork strand (36mer) in the process. Primer extension by the polymerase alone terminates after the 10-base-pair gap is filled. B is the biotin derivative incorporated into the template strand. The quartered circle represents the bound streptavidin tetramer. (From Reference 130.) interacts stoichiometrically with the clamp loader, which leads to the hydrolysis of two of the four equivalents of ATP bound to gp44, followed by the binding of the clamp · clamp-loader complex to DNA with the subsequent hydrolysis of the remaining two equivalents of ATP (131) . At limiting concentrations the clamp loader acts catalytically to assemble the clamp on the DNA, although its presence at equivalent levels to the clamp and polymerase proteins is required to form a totally productive holoenzyme. Subsequently, the clamp loader also functions as a chaperone for the polymerase to ensure proper holoenzyme formation but does not remain as a member of the holoenzyme (132) (133) (134) (135) .
Fluorescent tagging of the clamp molecule revealed that the formation of the gp44/62·gp45 complex is associated with a conformation change triggered by ATP hydrolysis (136, 137) that brings gp62 into contact with gp45 (138), reminiscent of the exposure of the δ subunit in the E. coli clamp loader during a similar process. Cross-linking of gp45 mutants in which a single cysteine was introduced at various loci and then derivatized showed that the binding of both the clamp loader and the polymerase were to the same face (C-terminal) of the clamp protein, gp45 (139, 140) . The clamp loader does not act as a protein kinase by phosphorylating its target protein, but functions in analogy to other molecular motors such as kinesin and myosin (141) . In this context, a mutant gp45 protein in which disulfide crosslinks have been introduced that link the monomer-monomer interface at all three interfaces hyperstimulates the ATPase activity of the clamp loader consonant with a futile ATP ring-opening cycle (142) . However, mutant clamp proteins with at least one nonlinked interface do support processive synthesis (143) .
The kinetic events associated with assembly of the holoenzyme have been charted by stopped-flow fluorescence-resonance energy transfer using a gp45 protein whose subunit interface had a donor and acceptor pair on opposite subunits. The overall process is depicted in Figure 7 . Steady-state measurements of energy transfer combined with the behavior of the clamp protein upon ultracentrifugation were consistent with an equilibrating solution structure for gp45 in which two of the subunit interfaces were closed and the third open to ∼40Å (143) . Beginning with that species, the distance across the open interface is increased to greater than 45Å and then decreased to 30Å as it closes onto DNA during a 10-step assembly process that mirrors earlier results (144) . This process, and the locus of polymerase/clamp binding, has been described in detail (145) (146) (147) (148) . Hydrolysis of two equivalents of ATP by the gp44/62·gp45 complex powers the further opening of the clamp protein; binding to DNA spontaneously closes this distance. Hydrolysis of the remaining two equivalents of ATP is not manifest by a further change in this distance; this step is tentatively assigned to driving conformational changes in gp44/62 associated with its role to chaperone gp43 to the holoenzyme. Binding of the polymerase does not close the distance to that anticipated for a fully closed clamp protein, in accord with a separation imposed by the binding of the C terminus of the polymerase between two of the subunit interfaces of gp45 (145, 146) .
Several steps in this sequence have rate constants ranging from 0.3 to 6.0 s −1 and involve ATP hydrolysis events. There are both similarities and differences relative to the assembly mechanism of β clamp loading onto the Pol III holoenzyme: A notable similarity is that the clamp in the clamp · clamp-loader · DNA complex for each species is not completely closed. An obvious difference is that ATP hydrolysis by the clamp loader is not required for formation of the β clamp·γ complex·DNA complex; ATPγ S is an acceptable substitute. Whereas the disassembly of the T4 holoenzyme from duplex DNA proceeds through the dissociation of the gp45 subunits, that of E. coli requires active participation of the clamp-loader·γ complex. The rate for dissociation of the gp45 from the holoenzyme matches that of the polymerase, which indicates that both depart at a rate of ∼0.01 s −1 , some one-hundred-fold slower than the polymerase alone, thereby accounting for the processivity of the holoenzyme (149, 150) .
Coordinated Synthesis of Leading and Lagging Strands
It is instructive to examine the properties of the primosome within the context of an active replication fork. The gp41 helicase is a 5 → 3 helicase that requires single-stranded regions on the 5 and 3 sides of the replication fork (such as one derived from single-stranded M13 annealed with a partially complementing fragment) for activity (151, 152) . DNA unwinding mediated by gp41 is processive and requires the hydrolysis of ribo/deoxy-ATP or -GTP; it proceeds at a rate of approximately 400 nucleotides s −1 in the presence of active leading/lagging strand synthesis (153) . Alone, the helicase activity was found to be stimulated by the primase; this interaction may in part be responsible for increasing its processivity at a replication fork (151) . It is probable that, as with the T7 and E. coli helicases, the lagging strand passes through the center of the hexamer, since a substrate with a streptavidin-biotin block in the lagging strand inhibits gp41 activity (117) .
The gp61 primase alone can synthesize in the presence of a φX174 template the dimers pppApC and pppGpC, but only when associated with the helicase does it produce the biologically relevant oligonucleotides. These are primarily pentaribonucleotides of the sequence pppApC (pN) 3 , which are needed to initiate lagging strand synthesis (154, 155) . A mutant form of gp41 lacking approximately 20 amino acids from the C terminus is still effective in association with gp61 as a primosome in priming as well as in DNA synthesis on circular single-stranded DNA, but not in the presence of gp32. This finding recalls the general importance of the C terminus of the helicase in the T7 and E. coli systems and the unique, partly mysterious role of single-strand binding protein in the replisome (156) .
The combination of the seven proteins (excluding gp59) that are required for holoenzyme and primosome function, and for coverage of exposed single-stranded DNA, is sufficient for replication fork movement on a primed single-stranded circular M13:DNA template at physiological rates (250-300 bases s −1 ) with the accompanying generation of Okazaki fragments (∼1200 bases). This system closely approximates the behavior of the replisome in the cell (157, 158) . No dissociation of the lagging strand polymerase was detected by dilution experiments in which the Okazaki fragment length remained unchanged. The efficiency of primer synthesis on the lagging strand is greatly influenced by the presence of gp32, which blocks wasteful primer synthesis (159) . Single-strand binding protein is, however, not recycled during DNA synthesis; its capture by a poly RNA trap arrests the progression of the replication fork (160) .
Signaling of Okazaki fragment synthesis in the T4 system has been attributed to the completion of the previous Okazaki fragment, thus permitting the bypass of primosome recognition sequences without primer synthesis. Because the length of Okazaki fragments proved sensitive to the level of ribonucleoside triphosphates (rNTPs) during active synthesis, a template mechanism which predicts that the length of a successive Okazaki fragment is set by the length of its predecessor was ruled out (160) . Instead, size variation was accommodated by a timing mechanism in which the lagging strand holoenzyme pauses before releasing from its DNA template and recycling (160) . This type of signaling also requires that the rate of the lagging strand holoenzyme be greater than that on the leading strand. Recently, however, measurements of the rate of leading and lagging strand synthesis at a replication fork showed the two rates to be equal (161) . Furthermore, there is no detection of a discrete lag in the dissociation of the holoenzyme from duplexed DNA upon encountering either a 5 triphosphate or nonphosphorylated 5 end at the site of the previous Okazaki fragment (162, 163) . The rate of this dissociation, 0.1-1 s , approaches that required for completing Okazaki fragment synthesis within the time frame of 2-3 s.
To characterize quantitatively coordinated leading and lagging strand synthesis, a minicircle with an annealed replication fork similar to that invoked with the T7 replication proteins (see Figure 3 ) was used to assemble and trace the movement of the T4 replisome (161) . The rates of leading and lagging strand synthesis were identical, which suggests that the two processes are tightly coupled, consistent with the recycling of the polymerase and primase components (164) . In contrast, the gross rate of primer appearance, in the case of earlier studies on either the E. coli or T4 primase alone (156) , was too slow to keep pace with the rate of Okazaki fragment synthesis, which suggests the presence of an unproductive primase complex or misassembly of the replisome owing to the experimental conditions. The appearance of unused tetra-and pentameric RNA primers even in the presence of gp32 may indicate sporadic priming by the primase without a specific signal. Given the rate of replication fork movement of ∼400 s −1 , a primase turnover number of 1 s −1 (as observed for the T7 helicase-primase) would be able to provide only 2-3 primers within that interval, even if all recognition sequences were primed.
The presence of gp32 is absolutely critical for lagging strand synthesis: Either its absence or its replacement with gp32-A, in which the C terminus is truncated, effectively abolishes lagging strand synthesis. gp32-A no longer binds either the primase or polymerase but inhibits their activities (127, 165) , probably through retention of its DNA binding affinity. The coupling of leading and lagging strand synthesis is further supported by termination of lagging strand synthesis by the addition of dideoxy CTP, which specifically stops lagging strand synthesis and concomitantly aborts synthesis on the leading strand ( Figure 3 ).
It will be of considerable interest to monitor the progress of the replication fork on an abbreviated time scale. The observation of a delay or pause in both leading and lagging strand synthesis coincident with the completion of an Okazaki fragment would allow dissection of the holoenzyme recycling process, which derives from a combination of factors: release of the holoenzyme from the lagging strand, reclamping of the clamp protein, and priming by the primase. Two of these processes, release and reclamping, have rate constants (noted above) commensurate with a time frame of 1-3 s; it is likely that measurement of the rate of primer synthesis in the context of a replication fork may yield a similar value.
It would, therefore, appear that the great majority of the T4 replisome proteins recycle at the replication fork. A key polymerase-polymerase interaction has been traced to the amino acid region 401-600, which includes a long coiled-coil extension of a finger domain located next to that of the central core by alignment of gp43 with the RB69 polymerase (100). In addition to the protein-protein interactions involving gp32 already noted, gp32 showed affinity on chromatography for all the T4 replication proteins excepting the helicase (166) . These contacts are also manifest kinetically in the reduction by gp32 of the primase rate of priming on single-stranded DNA, an inhibition relieved by the presence of the clamp and clamp loader proteins (156) . These experiments, done without knowledge of gp59, might be interpreted as the displacement of gp32 by gp45 and gp44/62 (acting as surrogates for gp59), permitting binding of the primosome to its recognition sequence. However, a tryptic fragment of gp41 missing 17-20 amino acids from the C terminus does not promote priming on gp32-covered DNA even in the presence of the above accessory proteins. Consequently, gp45·gp44/62 (as well as the polymerase) may interact with this region of the helicase (96) . The caveat to remember is that the priming rate in these experiments is well below that required in the context of a replication fork.
Two models of the T4 replisome at a replication fork have been created using these data as well as analogy when reasonable (Figure 8 ). The two holoenzymes can be oriented in a parallel or antiparallel orientation (or some intermediate geometry). The lagging strand DNA is threaded through the hexameric helicase with the primase active site either facing away from or toward its recognition site. The former requires a loop in the lagging strand DNA. Expansion of this loop occurs as a result of the forward travel of the helicase and synthesis of the Okazaki fragment. A small second loop may temporarily appear behind the helicase during the short pause between synthesis of successive Okazaki fragments. The primase may hand off the pentameric ribonucleotide through a sequence of clamp loader-promoted removal of gp32 and its replacement with the clamp protein, which obviates dissociation of the short RNA primer (analogous to the E. coli molecular switch), or the primase may pass the ribonucleotide directly to the lagging strand polymerase. Coverage of the emerging single-stranded DNA prevents excessive priming by the primase. A simple explanation for the dependency of Okazaki fragment length on the level of rNTP would be a change in the frequency of this priming event independent of the completion of the synthesis of the previous Okazaki fragment. There is no clamp loader nor gp59 shown as part of the replisome. It is possible, though not demonstrated, that gp45 recycles with the polymerase and closes spontaneously from a partially opened conformation in order to bypass gp32, as noted in the clamp loading sequence described earlier. Alternatively, gp45 is recruited from the large solution pool (165) . Two possible models for primer hand-off during coordinated synthesis of leading and lagging DNA strands in bacteriophage T4. In both, the two gp43 polymerase enzymes are antiparallel; they may instead be parallel or in some intermediate disposition. (Top) The newly synthesized primer is first handed off to the clamp loader, gp44/62. The primer is then threaded through the clamp protein and onto the lagging strand polymerase, which extends it, looping out the lagging strand behind. (Bottom) The primer is handed off directly from primase to polymerase. This exchange is followed by loading of the clamp and lagging strand synthesis.
REFLECTIONS
Several conclusions, some reinforced by experimental facts and others more speculative, relate the three replisomes discussed. All three catalyze leading and lagging strand synthesis at a replication fork with nearly the same overall rate (300-400 bases s −1 ) of fork movement; key individual proteins such as the helicases and polymerases are nearly matched in their turnover numbers. The two polymerases coordinate their syntheses, acting processively on both strands. The rates (>1 s −1 ) of clamp loading, of lagging strand polymerase release, and priming (at least for the T7 system) are sufficient to occur within the 1-to 3-s time frame required for Okazaki synthesis with minimal effect on fork movement. The primase can shuttle in/out of the replisome-in for T7 and maybe T4, in and out for E. coli. Given the high rate of polymerase synthesis, properly reconstituted replication forks will have few wasted primers even if the primase is not the recipient of a start signal. Clearly, the length of the Okazaki fragments can be made to vary by changing the levels or activities of various proteins or concentration of the nucleotides in this case.
The protein-protein contacts, the molecular cement that binds the replisome together, are only coming into view as more structures become known. There will be a bewildering number of conformational states, as befits a dynamic biological machine, so structural elucidation alone will not be the last word. Clearly, the C termini of single-strand binding proteins, polymerase, helicase, etc in all these systems serve as tie-rods in holding the structure together and orchestrating coupled movements. Undoubtedly, the lagging strand DNA is looped, but all its contact points have not been elucidated. We can be fairly sure that many of these statements will be valid for eukaryotic systems as well (167) .
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